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Fragility Assessment of Floating Roof Storage Tanks
during Severe Rainfall Events

Carl Bernier, AM.ASCE"; and Jamie E. Padgett, A.M.ASCE?

Abstract: In 2017, Hurricane Harvey, highlighted the vulnerability of floating roof storage tanks to severe rainfall events. Several floating
roofs failed due to rainwater accumulating on them, causing the release of hundreds of tons of pollutants in the atmosphere. Despite the
vulnerability of floating roofs, tools currently are lacking to evaluate their anticipated performance during rainstorms. This paper presents the
development and application of fragility models to assess the vulnerability of floating roofs subjected to rainwater loads and help prevent
future failures. First, a finite-element model of floating roofs and a load-updating method are presented to assess the potential for failure.
By coupling the finite-element model with a statistical sampling method, fragility models were derived for two damage mechanisms: sinking
of the roof, and excessive stresses due to the rainwater weight. Fragility models were developed for undamaged roofs and roofs with pre-
existing damage (i.e., punctured pontoons). To allow their use for future or historic rainfall events, a framework is presented to estimate the
maximum amount of rainwater standing on a roof and the probability of failure during a rainstorm. Lastly, forensic investigations of a floating
roof failure that occurred during Hurricane Harvey were performed to illustrate the viability of the fragility models to understand the con-
ditions leading to failures and to propose mitigation measures. Insights from the fragility analysis indicate that small floating roofs are more
vulnerable to rainwater loads than are large roofs, whereas insights from the failure investigation reveal the importance of efficient roof
drainage, as well as terrain drainage to prevent water accumulation around the storage tank, which can lead to inefficient roof drains. Results
also indicate that in preparation for a rainstorm, storage tanks should be filled with product to improve floating roof drainage. DOI: 10.1061/

(ASCE)CF.1943-5509.0001505. © 2020 American Society of Civil Engineers.
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Introduction

Background

Hurricane Harvey made landfall as a Category 4 hurricane on
August 25, 2017 near Rockport, Texas. During Hurricane Harvey,
regions critical to the US oil and gas industry—Houston and Port
Arthur—received more than 1 m (40 in.) of rain and suffered
extensive flooding. As a result, petrochemical infrastructure were
severely damaged, causing the spillage of millions of liters of haz-
ardous chemicals and the release of thousands of tons of air pol-
lutants (Griggs et al. 2017). Postevent investigations of incidents
(Bernier and Padgett 2018; Misuri et al. 2019; Qin et al. 2020) in-
dicated that aboveground storage tanks (ASTs) suffered the bulk of
the damage and were responsible for the largest chemical releases.
ASTs are key components of industrial complexes used for the stor-
age of chemicals, and typically are constructed of steel plates form-
ing a vertical cylinder; they can have a fixed or a floating roof.
Although previous storm events had highlighted the vulnerability
of ASTs (Cozzani et al. 2010; Godoy 2007), Hurricane Harvey spe-
cifically exposed the vulnerability of floating roof ASTs to rainfall.
More than 15 floating roofs sank or tilted due to the accumulation
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of rainwater on them during Hurricane Harvey. Although this type
of failure had been observed in the past, Hurricane Harvey was the
first time that such a large number of floating roofs failed during a
single event (Bernier and Padgett 2018; Qin et al. 2020).
Floating roofs typically consist of pontoons welded to a steel
deck that follows the internal liquid movement, and they usually
are employed to store volatile products; Fig. 1 presents a basic sche-
matization of a floating roof AST. With the exception of a seal be-
tween the pontoons and the tank shell to prevent evaporation and a
guiding pole to avoid rotation of the roof, there is no contact with the
tank itself; the roof simply floats on the internal liquid (Gallagher
and Desjardins 2000). Floating roofs typically are designed to with-
stand 0.25 m of standing rainwater and are equipped with a drainage
system to evacuate rainwater (API 2013). However, as observed dur-
ing Hurricane Harvey, if excessive rainwater accumulates on them,
failure can occur due to (1) sinking or tilting of the roof in the in-
ternal liquid, or (2) excessive stresses and deformations, potentially
leading to the rupture or buckling of the roof (PEMY Consulting
2018; TCEQ 2017; Yearwood 2017). Pre-existing damage to the
roof, such as punctured pontoons, also could facilitate failures; punc-
tured pontoons are caused by the contact between the pontoons’ and
corrosive internal liquid, and estimates indicate that approximately
2%—-5% of floating roof ASTs in the United States have punctured
pontoons (PEMY Consulting 2018). In the case of failure, the inter-
nal liquid can overflow onto the roof deck, and if the roof drain is
operational, the internal liquid can be released outside the AST into
the surrounding environment. Because volatile products typically are
stored in floating roof ASTs, failures also result in significant air
pollution. During Hurricane Harvey, more than 350,000 kg of air
pollutant was released due to floating roof failures, (Qin et al. 2020).
In addition to exposing the vulnerability of floating roofs under
rainfall loads, Hurricane Harvey also highlighted the lack of tools
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Fig. 1. Basic overview of a floating roof AST.
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to assess this vulnerability (Bernier and Padgett 2018; Qin et al.
2020). Although several studies have examined the effects of seis-
mic loads (Goudarzi 2015; Kozak et al. 2010; Matsui 2009) and
wind loads (Matsui et al. 2009; Yoshida et al. 2012) on the perfor-
mance of floating roofs, the effects of rainfall loads have received
less attention to date in the literature; only a few studies have
investigated the structural behavior of floating roofs under rain-
water loads. The first studies of floating roofs under rain loads
(e.g., Epstein 1980, 1982; Epstein and Buzek 1978; Mitchell 1973;
Umeki and Ishiwata 1985; Yuan et al. 1998) focused mainly on the
development of simplified analytical and numerical methods to ana-
lyze the stability, stresses, and deflections of roof decks. Sun et al.
(2008) and Yoshida (2011) employed the finite-element (FE) method
to assess the structural behavior of floating roofs and also proposed
load-updating methods to solve the nonlinear coupling between the
roof deflections and the rainwater loads (i.e., the rainwater accumu-
lation changes as the roof deforms). After Hurricane Harvey, Myers
and Woodworth (2019) proposed a method to determine if accumu-
lating rainwater could exceed the design value (i.e., 0.25 m) during
rainstorms; however, their study provided limited insights regarding
the actual structural behavior of floating roofs.

Although the aforementioned studies provided significant in-
sights to improve understanding of the structural performance of
floating roofs under rainwater loads, they suffer from significant
shortcomings which make them inadequate for vulnerability as-
sessments. These shortcomings include a primary focus on design
conditions rather than the severer loading conditions that could be
observed during a storm, and a limitation to deterministic analysis.
Because of the significant sources of uncertainty associated with
the performance of a structure under extreme loads, comprehensive
vulnerability assessment typically relies on probabilistic methods
such as fragility models. Fragility models express the probability
of failure given a set of structural and hazard parameters and
are well-suited tools to propagate sources of uncertainty, such as
material properties and loading conditions, when evaluating the
performance of a structure. Fragility models also can be useful tools
to assess mitigation measures and investigate causes of failures
(Bernier et al. 2018). In recent years, several studies performed fra-
gility assessments for ASTs subjected to various storm loads, such
as wind (Kameshwar and Padgett 2018a; Zuluaga et al. 2019),
storm surge (Kameshwar and Padgett 2018b), and flooding
(Khakzad and Van Gelder 2017; Landucci et al. 2012). However,
fragility assessments currently are lacking in the literature for
floating roof ASTs subjected to rainfall loads, despite their vulner-
ability. Even for structures other than ASTs, the literature is lacking
comprehensive fragility assessments under rainwater loads; the few
studies available were mainly limited to damage due to water in-
filtration rather than structural damage due to water accumulation
(Dao and Van de Lindt 2010).

Objectives of Study

The main objectives of this study were (1) to develop fragility
models for floating roof ASTs subjected to severe rainwater
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accumulations, and (2) to illustrate how the derived fragility models
can be employed to evaluate the vulnerability of floating roofs
during severe rainfall events, perform forensic investigations of
failures, and investigate the viability of mitigation measures. The
fragility models were derived using a simulation-based approach
and for the two damage mechanisms previously discussed: (1) sink-
ing of the roof; and (2) excessive stresses in the roof. The fragility
models were also developed for undamaged roofs, as well as for
roofs with pre-existing damage (i.e., punctured pontoons).

The next sections of this paper detail the approach to developing
floating roof fragility models, as well as their applications. First, a
finite-element model and load-updating method are presented to
assess the structural deformations and stresses in floating roofs sub-
jected to rainwater loads. Next, the fragility assessment methodol-
ogy is proposed, and parametrized fragility models are derived
using the FE model, Latin Hypercube Sampling, and logistic re-
gression. Because the derived fragility models are parameterized
on the depth of accumulated rainfall on a roof, a framework is then
presented to estimate the maximum depth of accumulated rainfall
on a roof during any rainfall event, and to evaluate the probability
of failure during that event. Finally, the fragility models and frame-
work to estimate rainwater accumulations are employed to inves-
tigate the potential causes of a floating roof failure that occurred
during Hurricane Harvey and to propose mitigation measures to
prevent such failures.

Numerical Modeling of Floating Roofs

The development of fragility models first requires an adequate es-
timation of the structural behavior of floating roofs under rainwater
loads. This study relied on FE analysis to investigate the failure
mechanisms of floating roofs, and this section presents the develop-
ment of an FE model for floating roofs. Because fragility assess-
ments typically require a large number of numerical analyses, care
was taken to limit the computational complexity and cost of the
derived FE model, while adopting modeling assumptions that rea-
sonably reflected roof behavior under rainfall loads.

Geometry

Prior to developing an FE model, the structural characteristics and

geometry of a floating roof were obtained by designing the roof in

accordance with American Petroleum Institute (API) 650 Standard

(API 2013). An overview of the typical design of floating roofs is

presented in Fig. 2. For a floating roof with a given diameter (D),

pontoon width (W p), steel strength (f), and internal liquid specific

gravity (p;), the design mainly consists of determining the roof
deck and pontoons thickness, as well as the height of the pontoons

(Hy) and the location of the roof deck with respect to the pontoons’

bottom (H(). The value of H; is determined such that the two

following conditions are satisfied with p; = 0.7 (API 2013):

1. the roof should remain buoyant with 0.25 m of rainfall over the
entire horizontal roof area, an inoperative drain, and an undam-
aged roof deck and pontoons; and

2. the roof should remain buoyant when the deck and any two
adjacent pontoons are punctured and no rainwater or live loads
act on the roof.

The value of H is determined such that the roof deck is flat
under normal operating conditions. Both H, and H; can be deter-
mined through simple buoyancy calculations. The height of the in-
ner rim of the pontoons (H») is fixed such that the pontoon top plate
has a minimum slope of 1/64. Lastly, the number of pontoons on a
roof is determined such that the pontoons’ width is approximately
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Fig. 2. (a) Geometry of, and dead loads on, a floating roof; (b) geometry of a pontoon; (c) finite-element representation of a floating roof; and

(d) details and finite-element representation of a pontoon.

6 m. This dimension was defined from aerial imagery of floating
roofs in the Houston region.

After the roof is designed and the geometry is known, a non-
linear FE model is developed using LS-Dyna version R.8.0.0, a
commercial FE software. The FE representation of a floating roof
and a pontoon is shown in Figs. 2(c and d). Because both the struc-
ture and the external loads are symmetric with respect to the x-axis,
as detailed subsequently, only half of the roof is modeled. The sym-
metry condition also is valid because geometric and material im-
perfections were not considered in this study. Because the roof
deck, top and bottom pontoon plates, outer and inner pontoon rims,
and pontoon bulkheads are constructed from thin steel plates, for
which the thickness is at least 10 times smaller than the other di-
mensions, they are modeled using fully integrated quadrilateral
shell elements (Akin 2017). The pontoon stiffeners and trusswork
are modeled using beam elements; although the stiffeners and truss-
work are not explicitly required per the API 650 Standard (API
2013), they often are employed to facilitate the construction of
the roof pontoons, and they are modeled here because they can af-
fect the stiffness of the roof. Although the pontoon stiffeners and
trusswork could also be modeled using shell elements, the use of
beam elements is appropriate because the objective is to capture the
axial and bending stiffness of these components, rather than their
local behavior. Both the shell and beam elements are modeled using
the Hughes-Liu formulation in LS-Dyna, and the maximum mesh
size is fixed at 0.3 m based on a mesh convergence study presented
subsequently.
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Material Model

A bilinear elastoplastic material model with kinematic hardening
and the physical properties of steel is assigned to all components
of the roof and pontoons. In this material model, the steel density is
fixed at 7,900 kg/m3, the elastic modulus is fixed at 200 GPa, the
Poisson’s ratio is fixed at 0.3, and the tangent modulus after yield-
ing is fixed at 2 GPa (i.e., 1% of the elastic modulus); the yield
strength is a function of the roof design parameters and is discussed
subsequently; no ultimate stress or strain is defined in this material
model. A bilinear elastoplastic material was employed here to limit
the complexity of the FE model, because the potential for excessive
stresses and inelastic damage was assessed only by comparing the
stresses in the roof with the yield strength of the material, as
detailed subsequently. However, future studies examining in more
detail the inelastic behavior of floating roofs (i.e., cracking, fatigue,
or rupture) might require a more precise characterization of the
material model and the stress—strain curve.

Buoyancy Modeling and Boundary Conditions

Because buoyancy is a linear phenomenon, the interactions be-
tween the internal liquid and the roof are modeled using discrete
compression-only linear springs that are attached to all nodes of
the roof deck and bottom pontoon plate. The use of compression-
only springs eliminates unrealistic behavior, in which tension
forces could occur in the liquid, and also allows modeling of
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the separation between the roof and the liquid if it occurs. The use
of linear springs is not suitable in the presence of phenomena such
as trapped air or gas bubbles under the roof or sloshing of the in-
ternal liquid; however, the consideration of such fluid—structure in-
teractions was outside the scope of this study. According to
Archimedes’ principle, the buoyancy force exerted by a spring
is proportional to the penetration of the node in the liquid, and
the stiffness of each spring is defined as k; = p; gA,, where A;
is the tributary area of a spring. The tributary area of each spring
is determined from a preliminary analysis for which the vertical
degrees of freedom (DOFs) of all nodes of the roof deck and bottom
pontoon plate are fixed (u, = 0) and a constant uniform load is
applied over the entire roof. The reaction force at a node divided
by the sum of all reaction forces gives the tributary area for the
spring attached to that node. Once the stiffness of each spring is
determined, the u, = 0 boundary condition is removed and the roof
is supported only by the vertical springs. Radial and circumferential
deformations of the roof can affect Aj; however, changes to A, as
the roof deforms are minimal (i.e., less than 2%), and the springs’
stiffness reasonably can be kept constant during an analysis. In the
FE model, z = 0 m corresponds to the elevation of the bottom
pontoon plate when all springs are unloaded (i.e., before the pon-
toons penetrate the internal liquid). The bottom extremities of the
springs are fixed in all directions (u, = u, = u, = 0) and to avoid
rigid-body motions of the roof (i.e., rotation of the roof on itself),
the tangential displacements at each quarter of the roof are fixed
[Fig. 2(a)]. Lastly, because only half of the roof is modeled, a
symmetry boundary condition (1, = r, = 0) is applied along the
X-axis.

The aforementioned buoyancy modeling approach also can be
adapted for roofs with punctured pontoons. Punctured pontoons
may be responsible for failures during storm events because float-
ing roofs are not designed for the combined event of a punctured
pontoon and extreme rainfall (Yearwood 2017). In addition, unlike
a punctured deck, punctured pontoons can go unnoticed until a de-
tailed visual inspection of the pontoons is performed. Punctured
pontoons can be considered in the FE model by removing the
springs attached to the punctured pontoons, and thereby neglecting
the buoyancy the pontoons provide. When removing the springs
attached to a punctured pontoon, the stiffness of the remaining
springs attached to the roof deck and unpunctured pontoons is
not modified, and remains the same as in the case of a floating roof
with no punctured pontoons.

Load Modeling

In addition to the deck and pontoons’ self-weight, the other dead
loads acting on the roof are summarized in Fig. 2(a). These addi-
tional loads correspond to roof equipment, and consist of a man-
hole; pontoon and roof deck legs, which are used when the AST is
empty; the drain system to evacuate rainwater; the ladder to access
the roof; and the ladder tracks, which allows the movement of the
ladder as the roof follows the internal liquid. Because the weights of
these equipment depend on the manufacturer providing them, it is
not possible to evaluate precisely these loads. Instead, they are
modeled as sources of uncertainty; estimates of the ranges of each
load are presented in Table 1, and were detailed by Bernier (2019).
As detailed subsequently, the uncertainties associated with the
loads in Table 1 are propagated in the fragility analysis by consid-
ering them as uniform random variables. The number of pontoon
legs is equal to the number of pontoons, whereas the number of
deck legs is a function of the roof deck area; one leg per approx-
imately 30 m? of deck surface is assumed here. The ladder tracks
are assumed to extend from 1/3 to 2/3 of the roof radius. All the
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Table 1. Dead loads on floating roofs

Load Low estimate High estimate
Pontoon legs (kg) 70 100
Deck legs (kg) 60 100
Manhole (kg) 100 200
Ladder (kg) 1,000 1,500
Ladder tracks (kg/m) 150 250
Ladder position (m) —1/6D —1/3D

dead loads in Table 1 are applied as point loads, with the exception
of the ladder tracks, which are modeled as a distributed load. The
loads are placed on the roof to ensure symmetry with respect to
the x-axis.

The consideration of rainwater loads poses a challenge given
the nonlinear coupling between the loads and the roof deck defor-
mations. As the roof deck deforms under rainwater loads, water
accumulation changes. In turn, this affects the deformed shape
of the roof and further modify the rainwater accumulation until
an equilibrium is reached. This study relied on an iterative rain-
water load-updating method to resolve this nonlinear interaction.
The load-updating method is outlined in Fig. 3(a) and was adapted
from Sun et al. (2008). In this method, the FE analysis is performed
for a fixed amount of rainwater standing on a roof, and the rain-
water loads are considered as static loads that are redistributed on
the roof as it deforms. Because it relies on a series of static analyses,
it is a computationally efficient method and is well-suited for
fragility assessment. However, the load-updating method might
neglect time-dependent and dynamic effects induced by heavy rain-
fall; the consideration of such dynamic effects was outside the
scope of this study.

First, the total volume of rainwater on the roof is computed as
V,, = H,mD?/4, where H, is the accumulated rainfall over the full
horizontal tank area. By considering the actual geometry of the roof
pontoons, the depth of rainwater over an undeformed deck (H,,) is
computed [Fig. 3(b)]. The rainwater loads, based on H,. and as-
suming an undeformed deck, are computed for each element of the
roof deck and top pontoon plate. With this uniform rainwater load,
a nonlinear static analysis is performed using the implicit solver in
LS-Dyna and the displacements of the roof nodes are extracted.
Based on these displacements, an updated water level (H},.) is com-
puted such that the volume of water between H},. and the deformed
shape of the roof is equal to V. Because H},. is measured with
respect to the joint between the roof deck and pontoon inner
rim, negative values are possible. This simply indicates that the
water has accumulated in such a way that the outer elements of
the roof deck are dry; such accumulations are possible for large
roofs, where water can pond at the center. Based on H},. and the
deformed shape, the rainwater loads are adjusted for each element
of the roof deck and top pontoon plate. Then, another static analysis
is performed and the process is repeated until the deformed shape
of the floating roof has converged. Convergence is assessed by
monitoring displacements at the outer rim of the pontoons as
well as at the center of the roof deck, and the process is stopped
when the maximum difference between two subsequent iterations is
less than 1%. The load-updating method is illustrated in Fig. 3(c)
for a case study floating roof with D =25 m, Wp =3 m, p; =
0.85, fy =250 MPa, and H, = 0.2 m. Five iterations were re-
quired to achieve convergence. In general, 5 to 10 iterations are
required depending on the diameter of the roof; larger roofs typi-
cally require more iterations. Fig. 3(c) also indicates that neglecting
the nonlinear interactions between the loads and the roof deck re-
sults in an underestimation of 20% of the maximum displacement
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Fig. 3. (a) Flowchart of the rainfall load-updating method; (b) definition of accumulated rainfall; and (c) convergence of a floating roof deformed

shape for a case study roof.

of the roof, highlighting the importance of considering a proper
rainwater distribution.

Although the methodology presented here is similar to that pro-
posed by Sun et al. (2008) for the design of floating roofs, the load-
updating method in Fig. 3(a) is simpler because only the rainwater
loads need to be updated, rather than both the rainwater and buoy-
ancy loads; the buoyancy effects are explicitly modeled and taken
into account here [Fig. 2(c)]. More importantly, the methodology
proposed here allows consideration of asymmetric rainfall accumu-
lations and loading conditions, which are essential to evaluate the
stability and behavior of roofs with punctured pontoons. Because
only half the roof is modeled and a symmetry boundary condition is
applied along the x-axis, loading conditions can be asymmetric
only with respect to the y-axis.

Mesh Convergence and Verification of Model

The results of the numerical model are sensitive to the mesh den-
sity, and care must be taken to select a sufficiently fine mesh in
order to adequately capture the behavior of floating roofs under
rainwater loads. For this purpose, a series of mesh convergence
studies was performed for floating roofs with different geometry.
The results of one of these mesh convergence studies are shown
in Fig. 4 for a roof with D =25m, Wp =3 m, p; =0.85,
Sy =250 MPa, and H, = 0.6 m. To generate this figure, the ver-
tical displacement at the center of the roof deck and the maximum
stress in the roof deck, obtained with the aforementioned FE model
and load-updating method, were monitored for an increasing num-
ber of elements around the half-roof circumference (i.e., 12, 24, 48,
96, and 192 elements). A minimum of 96 elements around the half-
roof circumference (mesh size of 0.41 m as the outer rim) were
required to obtain adequate estimates of the roof displacements
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and stresses (Fig. 4). However, as discussed previously, a mesh size
of 0.3 m is adopted here because larger ASTs, which are more flex-
ible, required such a mesh density for convergence; the mesh size
was fixed such that all roofs investigated in this study had approx-
imately the same mesh size.

In addition to the mesh sensitivity study, a basic verification of
Archimedes’ principle was performed for all simulations presented
in this study by ensuring that the weight of the liquid displaced by
the roof was within 1% of the weight of the roof, attached equip-
ment, and accumulated rainwater. From equilibrium, the weight of
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Fig. 4. Mesh convergence for a roof with D =25 m, Wp =3 m,
pr, = 085, f, =250 MPa, and H, = 0.6 m.
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the roof, attached equipment, and accumulated rainwater should be
equal to the total upward buoyant force acting on the roof, which
also should be equal to the weight of the liquid displaced by the
roof; the weight of displaced liquid can be obtained easily from
the deformed shape of the roof. Due to a lack of detailed experi-
mental and empirical data regarding the behavior of floating roofs
under rainwater loads, no additional verifications of the numerical
model were performed; the limited validation of the model might
result in modeling errors affecting the fragility analysis presented in
the next section.

Fragility Assessment

With the aforementioned FE model to evaluate the structural
response of floating roofs under rainwater loads, the fragility as-
sessment can be performed. This study developed parametrized fra-
gility models, which provide the probability of failure as a function
of a rainwater load parameter (i.e., H,) and a set of roof parameters
(ie., D, Wp, p;, and f). Fragility models were derived here for
two mechanisms that could lead to floating roof failures: (1) sinking
of the roof due to the rainwater weight; and (2) excessive stresses in
the roof deck and pontoons due to the rainwater weight. Fragility
models were developed for three cases: (1) undamaged roof;
(2) roof with one punctured pontoon; and (3) roof with two adjacent
punctured pontoons. All fragility models were developed sepa-
rately. The fragility models do not account for the time-dependent
nature of rainfall events. Instead, the fragility models provide only
the probability of failure for a given amount of rainwater standing
on a roof. As detailed subsequently, the time-dependency can be
considered by evaluating the amount of rainwater on a roof at
various time instants during an event. The fragility assessment pre-
sented subsequently is limited to well-designed and as-built roofs;
the consideration of sources of uncertainty related to aging and
deterioration, geometric and material imperfections, pre-existing
damage or deformations, and climate change was outside the scope
of this study. Nonetheless, the consideration of such factors offers
interesting opportunities for future research.

Overview of Methodology

The first step of the fragility assessment consists of defining the
ranges of the load and roof parameters used to condition the
fragility models. The adopted ranges of parameters are listed in
Table 2. The upper bound of accumulated rainfall is approximately
equal to the total amount of rainfall observed at AST locations dur-
ing Hurricane Harvey (HCFCD 2017). The ranges of roof diameter
and internal liquid density are obtained from the AST database pre-
sented by Bernier et al. (2017), the pontoon width is obtained from
aerial imagery of floating roof ASTs in the Houston region (HGAC
2018), and the steel strength is obtained from the API 650 Standard
(API 2013). Latin Hypercube Sampling (LHS) (McKay et al. 1979)
is employed to generate numerical samples of floating roofs. LHS
is a stratified sampling method, in which the range of each param-
eter in Table 2 is divided in n equiprobable intervals, where » is the
number of desired samples. A value is randomly selected for each
interval, and the n values of a parameter are randomly paired with
the n values of the other parameters. This method ensures an effi-
cient coverage of the space of load and roof parameters. The LHS
samples then are divided into a training set (90%) and a test
set (10%). For each sample, which corresponds to a different com-
bination of parameters, an FE model of the floating roof is as-
sembled, the dead loads presented in Table 1 are randomly
sampled to propagate the uncertainty associated with them, and
the load-updating method is employed to assess the response
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Table 2. Ranges of floating roof modeling parameters

Parameter Lower bound Upper bound
Accumulated rainfall over 0.01 1.0
full roof area, H, (m)

Diameter, D (m) 20 70
Pontoon width, Wp (m) 2 4
Internal liquid specific gravity, p; 0.7 1.0
Roof steel strength, f, (MPa) 200 360

of the roof. The displacements at the joint between the outer rim
and bottom plate of the pontoons[ Fig. 2(b), A;] and the stresses
(o) in the roof deck and pontoons are extracted at the end of each
FE analysis. Using the results of the analysis (i.e., Ay or o), limit
state functions are evaluated to determine if the sample fails or sur-
vives; the limit state functions for the two damage mechanisms are
detailed in the next subsections. Next, the binary output of the train-
ing samples is used to derive a classification model. Logistic regres-
sion was employed here because it is one of the simplest and
easiest-to-interpret classification models, and has been employed
successfully for the fragility assessment of ASTs and other struc-
tures in past studies (e.g., Kameshwar and Padgett 2018b; Ghosh
et al. 2013). Based on the definition of a logistic regression clas-
sifier, the probability of failure of a floating roof is expressed as

1
1 +exp(—I(H,.D.Wp,p..f,))

(1)

where [(H,,D,Wp,py. f,) is a logit function. The logit function
expresses the log-odds of failure and is a polynomial equation
of H,, D, Wp, p;, and f,; an example of a logit function is pre-
sented subsequently. In this study, the logit functions were obtained
through stepwise regression in MATLAB version R2016a. Step-
wise regression limits the complexity of the logit function because
only the most influential load and roof parameters or polynomial
combinations of parameters (i.e., interactions and higher-order
terms), up to the third order, are retained. The most influential
parameters or combinations of parameters are determined using
the Bayesian information criterion (BIC). The accuracy of the de-
rived logistic classifier is assessed using the set of test samples,
which was not used to train the model. Accuracy is defined here
as the number of correctly classified test samples divided by the
total number of test samples; the number of correctly classified
samples is determined by evaluating the fragility model for the test
samples and comparing the outputs of the model (i.e., failure or
survival) with the direct results of the limit state function for the
same samples.

The preceding methodology derives the fragility models by as-
suming that all load and roof parameters are uncorrelated. Although
correlation could be expected between some parameters in Table 2,
the approach used here allows the generation of flexible fragility
models that efficiently cover all the combinations of load and roof
parameters that reasonably could be encountered. Nonetheless, care
should be taken when evaluating Eq. (1) to ensure that realistic
combinations of parameters are used as input. In other words,
the potential correlation between the predictors should be consid-
ered in the posterior analysis (i.e., vulnerability or risk assessment).

P(Failure|H,,D, Wp, pr, f)

Sinking Fragility Models

Analysis of incident reports following Hurricane Harvey (Bernier
and Padgett 2018; Qin et al. 2020) and other severe rainfall events

J. Perform. Constr. Facil.

J. Perform. Constr. Facil., 2020, 34(6): 04020101



Downloaded from ascelibrary.org by Rice University on 08/19/20. Copyright ASCE. For personal use only; all rights reserved.

Table 3. Logit functions for sinking fragility models

Case Term Coefficient

One punctured pontoon (Intercept) —1.76 x 10!
D 2,63 x 1072

oL 1.71 x 10!

H, 1.07 x 10?

D-H, —9.59 x 10!

oL - H, —1.62 x 107

H? 1.40 x 10?

Two punctured pontoons (Intercept) 3.32 x 10!
D ~7.70 x 107!

Wp 1.74 x 10°

oL —4.21 x 10!

H, 4.50 x 10!

D-H, —1.60 x 10°
D? 1.06 x 1072

H? 1.13 x 102

(Cozzani et al. 2010) indicates that sinking is one of the main fail-
ure modes for floating roofs subjected to rainwater accumulation.
Sinking occurs when the weight of rainwater standing on a roof
causes the pontoons to fully penetrate into the internal liquid.
The condition of a roof sinking can be assessed using the limit state
function in Eq. (2); the sinking of the roof occurs if the limit state
function (ggy,) is less than zero

Gsink — AL»max - Hl (2)

where H; = height of pontoons’ outer rim (Fig. 2); and A; ., =
maximum displacement at joint between outer rim and bottom plate
of pontoons, obtained from FE model and rainwater load-updating
method. Eq. (2) was derived from the pontoon’s geometry [Fig. 2(b)],
and indicates that if any portion of the outer rim of the pontoons has
completely penetrated the internal liquid (i.e., A;_ . > H;), liquid
can overflow onto the roof deck and the floating roof has sunk.
The floating roof sinking fragility models are developed using
500 LHS samples; 450 samples are used for training, while 50 are
used for testing. For each sample, an FE analysis using the load-
updating method is performed to estimate A; .., and Eq. (2) is
then employed to assess whether the roof sinks. The procedure first
is used to develop a model for an undamaged roof, and then is re-
peated twice for the cases with punctured pontoons. The LHS
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(a) Accumulated rainfall over full roof area (m)

samples are identical among the three different cases; however,
in each case, the FE model is adapted accordingly to consider
the presence of punctured pontoons. In the case of punctured pon-
toons, the springs modeling buoyancy [Fig. 2(c)] are removed for
the pontoons closest to the x-axis on the side where the roof ladder
loads act; for two punctured pontoons, only the case of two adja-
cent pontoons is considered. The logit functions for roofs with one
or two punctured pontoons are presented in Table 3; the logit func-
tion for undamaged roofs is

I(H,,D.W,.pp.f,)=—19.60+82.11H,+0.14D + 12.68p,
—1.07D-H,—120.17p, - H,+ 106.21H?

(3)

As mentioned previously, the result of a logit function provides
the log-odds of failure, which then can be transformed into a prob-
ability of failure via Eq. (1). Comparing the predictions of the fra-
gility models with the results of the limit state function for the 50
test samples showed that the accuracy of the fragility models is
100%, 98%, and 96% for the undamaged, one punctured pontoon,
and two punctured pontoons roof cases, respectively.

The application of the fragility models is illustrated in Fig. 5 for
two case study floating roof ASTs (Tanks A and B). According to
the AST database in Bernier et al. (2017), the first case study float-
ing roof was a small floating roof with a diameter of 20 m, whereas
the second case study was a large floating roof with a diameter of
60 m. The use of the fragility models requires knowledge of all five
conditioning parameters. However, if some parameters are uncer-
tain, it is possible to condition the fragility models on a smaller set
of parameters by convolving Eq. (1) over the probability density
functions of the uncertain parameters via numerical integration
or Monte Carlo simulation (MCS). Such uncertainty was propa-
gated to obtain Fig. 5, in which the values of Wp and f, are fixed
at 3 m and 250 MPa respectively, whereas p; is assumed to be uni-
formly distributed with the lower and upper bounds in Table 2.
To better understand the behavior of the floating roofs, Fig. 5 also
presents the fragility curves derived by Bernier and Padgett (2018)
by assuming that floating roofs behave rigidly. These curves were
developed by assuming that the roof deck remains flat as the roof
sinks in the internal liquid, and that, consequently, failure can be
assessed by a sum of vertical forces. Thus, rather than performing
FE analyses to determine the actual rainwater accumulation and

Tank B (D = 60 m)
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Fig. 5. Sinking fragility curves for (a) Floating Roof A; and (b) Floating Roof B.
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pontoons’ penetration when the deck deforms, these fragility
curves were obtained simply by comparing the weight of the roof
and rainwater with the maximum buoyant force that can act on the
roof (i.e., weight of the internal liquid displaced by the volume de-
limited by the flat roof deck, pontoon bottom, and outer rim plate).
Large floating roofs (i.e., Tank B) are less vulnerable to rain-
water accumulations than are small floating roofs (i.e., Tank A)
(Fig. 5). For an undamaged roof, Tank A became vulnerable at
an accumulated rainfall depth greater than 0.4 m, whereas an ac-
cumulated rainfall depth greater than 0.65 m was required to sink
the roof of Tank B. Two main causes explain this trend. First, roofs
with large diameters typically have larger pontoon heights (H,) to
satisfy floating roof design requirements (API 2013). Thus, by de-
sign, larger roofs generally have a larger freeboard than do smaller
roofs. Secondly, the increased flexibility of large roofs can improve
floatability by providing additional freeboard. Due to their greater
flexibility, large roof decks typically suffer severer deformations
and displacements in their center than do small roof decks. As large
roof decks deform in their center, the buoyancy forces become
larger for the roof elements located near the center (i.e., the buoy-
ancy forces are proportional to the penetration in the liquid).
Because the FE analyses are performed for a fixed volume of rain-
water, the buoyancy forces need to be reduced for the outer ele-
ments of the roof to respect equilibrium. Thus, while the center
of large roof decks penetrates further into the internal liquid, the
penetration of the pontoons in the liquid actually is decreased, re-
sulting in a larger freeboard at the outer rim of the pontoons. Be-
cause small roof decks suffer less severe deformations and almost
behave rigidly [Fig. 5(a)], they cannot benefit from this phenome-
non, resulting in an increased vulnerability to rainwater loads. The
effects of roof flexibility on the floatability of large ASTs are shown
in Fig. 5(b). There is large gap between the fragility model which
considers the roof as a rigid body (i.e., dotted curve) and the one
developed with the FE model presented here that takes into account
the effect of the roof flexibility (i.e., dashed-dotted curve).
Based on the results of the FE analysis, for small floating roofs,
the presence of punctured pontoons typically results in the tilting
of the roof because they behave rigidly. However, for larger roofs,
failure is caused by the sagging of the roof at the location of the
punctured pontoons; tilting is less likely given the larger number of
pontoons. According to additional analyses not shown in Fig. 5,
varying f, and Wp has a very limited effect on the probability
of failure of floating roofs, whereas increasing p; increases the
buoyancy from the internal liquid, resulting in a lower vulnerability.

Excessive Stress Fragility Models

Incident reports following Hurricane Harvey (Bernier and Padgett
2018; TCEQ 2017) also indicate that roof failures might be caused
by excessive stresses and strains, potentially leading to the rupture of
the roof or buckling of the roof pontoons; buckling typically occurs
in the inner rim, which is subjected to compressive forces when the
roof deck deforms (PEMY Consulting 2018). Preliminary analyses
indicated that buckling of the roof pontoons is improbable for the
ranges of roof geometry and rainwater loads considered here. How-
ever, excessive stresses leading to inelastic behavior of the roof are
likely, and depending on their intensity, these stresses could induce
severe damage to the roof. The potential for damage due to excessive
stresses in the floating roof deck and pontoons is assessed by evalu-
ating the following limit state function (ggiess):

Ystress = OL-max — 7] (4)

where 1) = stress threshold; and o _,,x = maximum stress in roof
deck and pontoons obtained from FE analysis. In this study, the
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Table 4. Logit functions for excessive stress fragility models

Case Term Coefficient
No punctured pontoon (Intercept) —6.57 x 10°
D —4.60 x 1072
Wp 2.38 x 10°
fy —3.86 x 1072
H, 5.50 x 10!
H? —3.70 x 10!
One punctured pontoon (Intercept) —1.76 x 10!
D 3.95x 107!
Wp 2.63 x 10°
fy —4.29 x 1072
H, 6.11 x 10!
D? —4.63 x 1073
H? —4.13 x 10!
Two punctured pontoons (Intercept) —1.30 x 10!
D 5.48 x 107!
Wp 3.16 x 10°
123 —1.15 x 10!
fy —4.18 x 1072
H, 5.48 x 10!
D? —6.06 x 1073
H? —3.40 x 10!

fragility models were derived only for a stress threshold correspond-
ing to the yield strength of the roof steel (i.e., n = f,). Thus, the
potential for inelastic damage is assessed by comparing the maxi-
mum stress in the roof to the yield strength. This threshold might not
indicate the actual rupture or cracking of the roof. However, this
threshold can provide useful insights regarding the incipience of
inelastic behavior in the roof. Furthermore, additional thresholds
corresponding to the ultimate strength of the welds or roof steel were
investigated. However, for all FE analyses performed here, the
stresses remained well below the ultimate strength of the welds or
roof steel. The maximum stresses always occur in the roof deck at
the joints between the deck, pontoons’ inner rim, and bulkhead
plates, and the maximum deformations always were below 2.5%.
Well-designed, -constructed, and -maintained roofs should be able
to withstand such deformations without rupturing (AP12013). How-
ever, rupture and severer inelastic behavior could be possible in the
case of underdesigned roofs and welds, corroded roofs, or already
damaged welds (i.e. fatigue, imperfections, or cracks); as discussed
previously, such factors are not considered in the fragility analysis.

The fragility models for excessive stresses in the roof deck or
pontoons are derived using the same 500 samples generated for the
sinking fragility models. For each sample, o . is extracted from
the FE analysis, and Eq. (4) is evaluated to determine whether dam-
age occurs. Again, the process is repeated for undamaged roofs,
roofs with one punctured pontoon, and roofs with two punctured
pontoons. The logit functions obtained with the training samples
are presented in Table 4 for the undamaged, one punctured pon-
toon, and two punctured pontoons roof cases. Using the test sam-
ples, the accuracy of the fragility models was 96%, 96%, and 100%
for the undamaged, one punctured pontoon, and two punctured
pontoons roof cases, respectively. Fig. 6 illustrates the probability
of excessive stresses for the two case study roofs in Fig. 5; all roof
parameters are identical between Figs. 5 and 6, with the exception
of f, which in Fig. 6 is log-normally distributed with a mean and
standard deviation of logarithmic values of 271 and 21.2 MPa,
respectively (Hess et al. 2002). The distribution of f, corresponds
to A36M steel, one of the most commonly used steel grades for
ASTs in the US. Fig. 6 indicates that excessive stresses occur

J. Perform. Constr. Facil.

J. Perform. Constr. Facil., 2020, 34(6): 04020101



Downloaded from ascelibrary.org by Rice University on 08/19/20. Copyright ASCE. For personal use only; all rights reserved.

Tank A (D =20 m)
1.0 T — T T

N o o
IS ) ©
T T T

Probability of yielding

o
(V)
T

0 0.2 0.4 0.6 0.8 1.0
(a) Accumulated rainfall over full roof area (m)

Tank B (D = 60 m)

1.0

0.8 1
(o))
C
5
206} .
ks
P
504t 1
9 !
Ke} .
[ !
o !

02t [ e No punctured pontoon |1

- = -1 punctured pontoon
R —— 2 punctured pontoons
0 /A I I
0 0.2 0.4 0.6 0.8 1.0

(b) Accumulated rainfall over full roof area (m)

Fig. 6. Excessive stress fragility curves for (a) Floating Roof A; and (b) Floating Roof B.

for accumulated rainfall depths above 0.25 m. Fig. 6(a) also shows
an interesting trend for roofs with punctured pontoons. For small
roofs, the likelihood of excessive stresses decreases as the number
of punctured pontoons increases. Because small roofs are very stiff,
neglecting the buoyancy from a pontoon [i.e., removing the springs
in Fig. 2(c) attached to the punctured pontoon] actually relaxes the
stresses in the roof deck. This phenomenon is less noticeable for
Tank B because of its larger flexibility and the larger number of
pontoons for this roof; small-diameter roofs have few pontoons,
S0 removing one or two pontoons results in a more noticeable effect
than in large roofs with numerous pontoons. Additional analyses
regarding the sensitivity of the fragility model indicated that
increasing f), reduces the likelihood of excessive stresses, as ex-
pected, whereas increasing Wp results in a higher probability of
excessive stresses. As the width of the pontoons increases, their
rotational stiffness also increases because they are welded together
in a circular shape. Thus, the connection between the deck and pon-
toons tends to behave more like a fixed boundary condition, result-
ing in larger stresses in the roof deck.

Overall, the results in Figs. 5 and 6 confirm the structural
vulnerability of floating roofs if a sufficient amount of rainwater
accumulates on them. In addition, the findings indicate the impor-
tance of roof drainage and of construction and design quality to
prevent water accumulations and the failure of floating roofs.

Application of Fragility Models

Estimation of Probability of Failure During
Rainfall Event

The fragility models derived previously cannot be used directly to
evaluate the probability of failure of a floating roof during a given
rainfall event. The maximum amount of accumulated rainfall on the
roof during that event first needs to be estimated by considering the
actual rainfall rate and the presence of a roof drain. At time ¢ during
a rainfall event, the accumulated rainfall over the full horizontal
roof area (H,,) can be estimated as

4 t

H,=—:
rt xD? 0

(Qin(1) — Qoue(r))dt (5)

where Q;, = input flow rate of rainwater on roof; and Q,, = output
flow rate of rainwater from drain. The input flow rate of rainwater is
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simply the rainfall rate (/,;,) multiplied by the full horizontal sur-
face of the roof [i.e., Qi (t) = I, (1)TD?/4], whereas the output
flow rate from the drain is obtained using Moody’s method (White
2008), and is a function of the hydraulic head (H y); drain diameter
(D,); drain length (L,); drain efficiency (Eff,;); roughness of the
drain (¢e;); and an additional length (L,qq) to consider the hydraulic
losses due to valves, elbows, and other drain equipment. Because
O;n and Q,,, are not necessarily constant over time, Eq. (5) needs to
be evaluated numerically at discrete time instants #; to determine the
maximum amount of water on a roof during the full rainfall event
duration (#,,); a timestep (A7) of 0.1 hr is adopted here. The meth-
odology employed to numerically evaluate Eq. (5) and assess the
probability of failure of a floating roof during a rainfall event is
summarized in Fig. 7.

First, for a given timestep i, the amount of accumulated
rainfall (H,;) over the roof area is temporarily updated as
Hi, = H, ;| + Ly (t; — t;_1), where I, ; is the rainfall intensity
during the timestep; H, initially is set to zero. Next, knowing the
elevation of the roof (L), the amount of rainwater standing around
the AST (H,,), and the elevation of the drain output (z,,), the hy-
draulic head is estimated as H; = L — max(H gy, Zow); the compu-
tation of H ; also is illustrated in Fig. 7(b). Rainwater accumulating
around the AST is considered to compute H ; because ASTs usually
are protected by containment berms which do not allow drainage of
rainwater. With knowledge of the hydraulic head and drain param-
eters (i.e., Dy, Ly, Effy, €4, and L,qq), O,y can be calculated using
Moody’s method, as detailed by White (2008) or in any other fluid
mechanics textbook, and the amount of accumulated rainfall is
updated again as H,; = H:; — 4Q,(t; — t;_;)/(xD?*). This pro-
cedure is repeated for each timestep of the rainfall event (i.e., until
t; = tin)- Finally, the fragility models derived in the previous sec-
tion are evaluated for the maximum value of H, ; during the rain-
fall event.

The procedure described in Fig. 7 was employed to derive
the fragility curves in Fig. 8 for Tank B and for L = 4.0 m,
Wp=3.0m, f, =250MPa, p;, =0.85, zo =025m, and
D, =0.1m 4 iri.). The curves in Fig. 8 were obtained for various
drain efficiencies, and considered only the sinking of an undam-
aged roof. Furthermore, to propagate uncertainties associated
with some of the drain parameters, Q. was evaluated using
MCS and assuming that L, L,q4, and €, were uniformly distributed
with the following bounds: L; = 40-60 m, L,qq = 10-25 m, and

J. Perform. Constr. Facil.

J. Perform. Constr. Facil., 2020, 34(6): 04020101



Downloaded from ascelibrary.org by Rice University on 08/19/20. Copyright ASCE. For personal use only; all rights reserved.
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Update accumulated rainwater outside the AST
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Fig. 7. (a) Framework to evaluate rainwater accumulation and assess floating roof probability of failure during rainfall events; and (b) schema to

compute hydraulic head of roof drain.

€; = 0.001 — 0.003 mm. The bounds for L,44 and ¢; were obtained
from White (2008). For illustration purposes, a constant rainfall
intensity over a period of 24 h was employed to generate Fig. §;
however, any type of rainfall rate (constant or variable every hour,
or variable every 5 min) and any rainfall duration could be used.
Because they were conditioned on the rainfall rate and consider the
effects of roof drain, the curves presented in Fig. 8 provide addi-
tional insights beyond what is shown in Fig. 5. For instance, results
in Fig. 8 indicate that with an adequate drain, very severe and
unlikely rainfall rates are required to sink the case study floating
roof. However, if the drain is partially clogged or closed, and
thereby inefficient, rainwater can start to accumulate and failure
becomes more probable. Curves such as those in Fig. 8 can be use-
ful tools for screening vulnerable floating roofs prior to storm or
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Fig. 8. Fragility curves for Floating Roof B conditioned on rainfall rate
instead of accumulated rainfall.
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rainfall events, when only the expected rainfall precipitation over a
period of time is available.

Analysis of Failure during Hurricane Harvey

The fragility models derived here also are powerful tools to perform
forensic investigations of floating roof failures during past storm
events. Such forensic investigations can provide a better under-
standing of the causes and mechanisms behind failures and evaluate
the viability of mitigation strategies to prevent similar failures in the
future. This section investigates one of the severest roof failures that
occurred during Hurricane Harvey. The failure occurred in a major
refinery in the Houston region and caused the release of more than
100 t of pollutants in the atmosphere; crude oil was also released
from the roof drain, but was contained by the presence of berms
around the AST [Fig. 9(a)].

Because physical access to the AST was restricted following
Hurricane Harvey, the analysis presented here relies on a pollution
incident database from the Texas Commission on Environmental
Quality (TCEQ 2017), posthurricane aerial imagery gathered by
the National Oceanic and Atmospheric Administration (NOAA
2017), and prehurricane aerial and light detection and ranging
(LiDAR) imagery gathered by the Houston—Galveston Area Coun-
cil (HGAC 2018). Thus, only publicly accessible databases were
used, along with the methods presented in this paper. Based on
these sources of data, the geometry [D = 60 m; height (H) =
13.5 m; and Wp = 3.6 m], internal liquid specific gravity (p; =
0.85 for crude oil), and internal liquid height (L =4 m) of the
AST were assumed. Although this information could not be con-
firmed from the preceding sources of data, the AST was assumed to
conform to the API 650 Standard (API 2013), and the drain param-
eters (i.e., Dy, Ly, €4, and L,qq) were the same as those in Fig. 8.
The hourly rainfall rates near the AST location were obtained
from the Harris County Flood Control District (HCFCD 2017)
[Fig. 9(b)]. Using the floating roof sinking fragility models and
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Fig. 9. Investigation of a floating roof failure: (a) drainage around AST (reprinted from NOAA 2017); (b) rainfall rate (data from HCFCD 2017); and

(c) probability of failure as a function of drain efficiency.

the methodology in Fig. 7, the probability of sinking was computed
as a function of the roof drain efficiency in order to identify the
potential conditions that could have led to the failure. Results
are presented in Fig. 9(c) for various cases discussed subsequently.

Analysis of aerial imagery indicated that many floating roof
ASTs that suffered failure during Hurricane Harvey were located
in low-lying areas where water could accumulate around them as
shown in Fig. 9(a). In this case, approximately 2.1-2.4 m water
accumulated around the ASTs due to terrain drainage and topog-
raphy. Such water accumulation can limit the drainage capacity of
the roof due to a reduced hydraulic head, and thereby facilitate the
sinking of the roof. Without external water accumulation, a highly
inefficient roof drain (Eff; < 15%) is required for failure to occur
[Fig. 9(c)]. However, with external water accumulation, the roof
could sink even with a more efficient roof drain (Eff ; < 40%). This
indicates that the combination of an inefficient roof drain—
possibly due to partially closed valves or debris on the roof—
and external water accumulation could be the cause of this floating
roof failure. The effect of external water accumulation also could
explain why only the AST in Fig. 9(a) with the lowest ground
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elevation failed, whereas the other floating roof ASTs did not fail
despite having a similar geometry and internal liquid level, as inferred
by the roof elevation. Fig. 9(c) presents two other potential failure
causes for this roof: (1) a punctured pontoon; and (2) an underde-
signed drain. The underdesigned roof drain diameter is 0.075 m
(3 in.) instead of 0.1 m (4 in.) as prescribed by API 650 (API
2013). Results indicate that an underdesigned drain or a punctured
pontoon can lead to a significantly high probability of failure for al-
most the entire range of drain efficiency and could be the cause of
failure if the roof in Fig. 9(a) was not designed properly or was
not well-maintained and inspected.

Overall, the preceding results highlight the importance of ad-
equate terrain drainage around ASTs and adequate maintenance
and operation of roof drains and pontoons before and during the
storm season to prevent floating roof failures. Additional analyses
also indicated a simple procedural mitigation measure to avoid
floating roof failures, especially for those located in areas subjected
to external water accumulation: filling floating roof ASTSs prior to a
storm to improve the hydraulic head of the roof drain. As shown in
Fig. 10, high internal liquid levels and thus high floating roof
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Fig. 10. Effects of increasing internal liquid height for the roof in Fig. 8 and considering (a) an undamaged floating roof; and (b) a floating roof with a

punctured pontoon.
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elevations are unlikely to lead to failure, even if a pontoon is punc-
tured. In this case, highly inefficient or closed roof drains are re-
quired to sink the floating roof in Fig. 9(a). Such a mitigation
strategy has been shown to be effective in mitigating other modes
of AST failure during storm events [e.g., tank flotation or buckling
under flood loads (Bernier et al. 2018)] and hence, can serve multi-
ple purposes in reducing vulnerability.

The results and findings of this failure investigation are based
on information available to the authors at the time of writing. The
available information is not sufficient to allow the full validation of
this failure analysis; as mentioned previously, several characteris-
tics of the roof were assumed due to limited knowledge. Thus, new
sources of information or data could change the findings presented
here and also could enable the validation of the tools proposed in
this study. Nonetheless, the results discussed previously are consis-
tent with the findings presented by Myers and Woodworth (2019).
As discussed in the section “Introduction,” their study proposed a
framework to estimate the likelihood of rainwater accumulating
above the API 650 design value (i.e., 0.25 m); however, their study
did not assess the likelihood of roof failure. Results from Myers
and Woodworth (2019) indicated that accumulating rainfall on
well-designed and well-maintained floating roofs was unlikely
to exceed the design value during Hurricane Harvey unless drains
were inefficient, corroborating some of the conclusions obtained in
Figs. 8 and 9.

Conclusions

This paper proposes new tools and methods for assessing the vul-
nerability of floating roofs on ASTs during rainstorms. First, an FE
model was developed and coupled with a rainwater load-updating
method to assess the structural behavior of floating roofs. Fragility
models were then derived for two mechanisms leading to roof
failure—sinking in the internal liquid and excessive stresses—as
well as for undamaged roofs and roofs with punctured pontoons.

The fragility models were parametrized based on the amount of

accumulated rainwater and roof parameters so that they could be

used to readily assess the vulnerability of a range of typical floating
roof. To illustrate the potential of the derived fragility models to
support forensic investigation and understand the causes of failures,

a framework was proposed to evaluate the maximum amount of

rainfall standing on a roof during an event and then employed

to examine a failure that occurred during Hurricane Harvey. Results
of the fragility assessment and failure investigation provided the
following insights:

 floating roofs are structurally vulnerable if a sufficient amount
of rainwater can accumulate on them during a storm, but roofs
with well-designed and well-maintained drains appear unlikely
to fail unless very severe rainfall rates are expected or other fac-
tors affect drain efficiency;

* because of their greater stiffness, small-diameter floating roofs
are more likely to suffer failure than are large roofs; the greater
flexibility of large roofs improves floatation and reduces
stresses;

* adequate terrain drainage around ASTs is critical to prevent ex-
ternal water accumulation, which can further reduce floating
roof drain efficiency via an overall reduction of hydraulic
head; and

e due to an improved drainage rate, filling ASTs before a storm
can significantly reduce the likelihood of floating roof failures,
even in the case of punctured pontoons. Adequate maintenance,
inspection, and operation of roof drains and pontoons is also
critical to prevent failures.
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Overall, this study represents the first step to better understand-
ing the vulnerability of floating roof ASTs during severe rainfall
events, and provides useful tools to investigate the failure of float-
ing roofs, perform rapid screening of vulnerable roofs prior to a
storm, and implement storm preparation or mitigation measures.
Although this study offers a good starting point to assess the per-
formance of floating roofs during rainstorms, future research
should examine the effects of aging and corrosion, tank settlement,
geometric and material imperfections, fatigue, design, construction
quality, and climate change on the vulnerability of floating roof
ASTs. Moreover, the possible interactions between rainfall and
other storm loads, such as wind, that could facilitate failure should
also be investigated.

Data Availability Statement
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the load-updating method, to generate Latin hypercube samples,
to develop fragility models, and to estimate the amount of accumu-
lated rainwater on a roof).
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